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Abstract
To improve the mass transfer eﬃciency in many industrial applications better
understanding of the mass transfer rate is required. High speed images of single
CO2 bubbles rising in tap water were analysed to investigate the relationship
between the mass transfer and properties of single bubbles. Transition to a lower
mass transfer rate was shown to correspond with the transition from a mobile
to an immobile bubble surface. This was indicated by the change in bubble
rise velocity, bubble rise path and bubble shape. The presence of surfactants
in untreated tap water appear to eﬀect the transition point, particularly for
bubbles with a smaller initial diameter and lower rise velocity.
Keywords: mass transfer, bubble, mobile surface, immobile surface, carbon
dioxide
1. Introduction
Mass transfer from the gas to the liquid phase is an important process in many
industries, including wastewater treatment and aerobic fermentations. It is
estimated that 25 % of all reactions in the chemical industry take place in
multiphase gas-liquid ﬂows, Mart´ın et al. (2011).
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The eﬃciency of the mass transfer process depends on the interfacial area (α)
and the properties of the gas-liquid interface. For gases that have a low solubility
in the liquid phase, such as CO2 in water, the gas side mass transfer resistance
can be assumed to be negligible, in which case the mass transfer rate (dndt ) can
be described by equation 1. Where kL is the localised liquid side mass transfer
coeﬃcient, c∗ is the saturated concentration at equilibrium with the partial
pressure of the gas, which can be approximated from Henry’s law and cL is the
dissolved concentration of the solute.
dn
dt
= kLα (c
∗ − cL) (1)
The mass transfer coeﬃcient can be represented in dimensionless form by the
Sherwood number (Sh), shown in equation 2. In this case de is the bubble
diameter and DL is liquid diﬀusivity of the dissolving gas. When scaling up
single bubble experiments it is important to consider the eﬀects of neighbouring
bubbles within the bubble swarm and eﬀect this has on bubble properties and
mass transfer rate. Apart from the number of bubbles involved, the bubble
dimensions and ﬂuid properties from experiments in this work of a single bubble
rising through water will be the same for a full scale process.
Sh =
kLde
DL
(2)
Previously there have been many attempts to approximate the mass transfer
coeﬃcient for single bubbles and bubble column reactors, with reviews provided
by Shah et al. (1982); Kulkarni (2007); Perry and Green (2008). In practice the
mass transfer coeﬃcient can be divided between two approaches; for an immobile
and mobile gas-liquid interface. Fro¨ssling (1938) derived equation 3 using a
boundary analysis for a solid sphere, which provides a good approximation for
an immobile gas-liquid interface. The terms in equation 3 include ub the bubble
rise velocity and νL the dynamic viscosity of the liquid phase. Values for the
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coeﬃcient c from equation 3 range from 0.42 - 0.95, Griﬃth (1960); Lochiel and
Calderbank (1964).
kL = c
√
ub
de
D
(2/3)
L ν
(−1/6)
L (3)
In dimensionless form Fro¨sslings equation is shown in equation 4 using the
Reynolds (Re) and Schmidt numbers (Sc), deﬁned by equations 5 and 6, re-
spectively. The liquid density is represented by ρL and the liquid dynamic
viscosity by μL. Typically values for the coeﬃcient b in equation 4 range from
0.5 - 0.6, Perry and Green (2008).
Sh = 2 + bRe1/2Sc1/3 (4)
Re =
deubρL
μL
(5)
Sc =
μ
ρLDL
(6)
Rather than assuming steady state diﬀusion across the interface Higbie (1935)
proposed that the mass transfer coeﬃcient is linked to the time of exposure
between the bubble surface and elements of the liquid phase. Using the length
of the bubble (or bubble diameter) and the bubble rise velocity as an estimate
of the exposure time the mass transfer coeﬃcient can be represented according
to Higbies theory by equation 7. The dimensionless form of Higbie’s equation
is shown in equation 8.
kL = 2
√
DLub
πde
(7)
Sh = 1.13Re1/2Sc1/2 (8)
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Leonard and Houghton (1963); Calderbank and Lochiel (1964); Garbarini and
Tien (1969) noticed the mass transfer rate from a bubble rising in either tap
water or distilled water changed with time. Further experiments to investigate
this change in mass transfer have been undertaken with single bubbles held
stationary by a downﬂow of water, Schulze and Schlu¨nder (1985a,b); Vasconcelos
et al. (2002, 2003); Alves et al. (2004, 2005). From these experiments a sharp
transition in mass transfer rates was detected for a variety of diﬀerent gases
absorbing from single bubbles. The initial mass transfer rate was measured as
3− 5 times larger than the latter rate, Vasconcelos et al. (2002). In such cases
Higbies theory can be used to approximate the mass transfer coeﬃcient for the
initial part of the bubble rise, where the mass transfer is better approximated
by a mobile gas-liquid interface, while Fro¨sslings equation can be used for the
latter, where an immobile gas-liquid interface provides a better approximation,
Alves et al. (2005).
Surfactants in the liquid phase are recognised to play a role in eﬀecting the
gas-liquid interface and mass transfer from bubbles. Surfactants act to reduce
the surface tension. Upon attachment onto a bubble the surface ﬂow around the
bubble will redistribute the surfactants towards the base of the bubble, resulting
in a surface tension gradient and Marangoni eﬀect. The Marangoni force is
strong enough to oppose the surface ﬂow, which causes the bubble surface to
behave as a rigid interface, Harper et al. (1967).
Although surfactants have a signiﬁcant eﬀect on bubble properties and the mass
transfer rate, the relationship between the bubble surface and accumulation of
surfactants is not that well understood. Surfactants can reduce the internal
circulation within a bubble, which increases the drag force and reduces the rise
velocity. Figure 1 shows two distinct curves for the rise velocity for air bubbles
in water. The two curves are based on Maneri and Vassallo (2000) for a mobile
bubble surface (un-contaminated by surfactants) and Fan and Tsuchiya (1990)
for an immobile bubble surface (contaminated by surfactants). Clift, R., Grace,
J.R., Weber (1978) deﬁne the spherical, ellipsoidal and spherical cap regimes, of
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which the spherical and ellipsodal regimes are considered in this work and shown
in ﬁgure 1. The bubble regime can also be recognised by the wake structure and
rise path, ellipsoidal bubbles can rise either in a helical or zig-zag path, whereas
spherical bubbles rise in a rectilinear path.
As can be seen by the correlations proposed by Fro¨ssling (1938) and Higbie
(1935) in equations 3 and 7, respectively; a higher bubble rise velocity increases
kL. The eﬀect of a lower kL on total mass transfer will be compensated to some
degree by the increased bubble residence time for slower rising bubbles.
Painmanakul et al. (2005) also showed that surfactants can eﬀect the bubble
generation process. Conversely the bubble generation process can also eﬀect the
bubble rise properties and accumulation of surfactants. This was demonstrated
by Peters and Els (2012) who produced both slow and fast moving bubbles
using diﬀerent bubble injection procedures in untreated tap water. Mart´ın et al.
(2007) also noted that the bubble generation process is important in determining
the bubble rise path oscillations.
The correlations for kL used in the design of mass transfer systems show wide
variability due to the diﬀerences between the mobile and immobile bubble sur-
face. This work looks to build on the stationary bubble experiments conducted
by Schulze and Schlu¨nder (1985a) and Vasconcelos et al. (2002), by compar-
ing the rise velocity and path oscillations with the mass transfer rate. This
work focuses on the absorption of CO2, as it shows a distinguished transition
between mobile and immobile bubble surfaces, Schulze and Schlu¨nder (1985a).
Untreated tap water will be used as the liquid phase, thus the surfactant con-
centration in the liquid phase is unknown. This will be typical for most of the
industrial applications where the mass transfer rate plays a crucial role.
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2. Methodology
2.1. Experimental Set-up
A square bubble column constructed from 12.0 mm perspex with dimensions
1.1× 0.2× 0.2 m was used in this work; a schematic of the experimental set-up
is shown in ﬁgure 2. A column of diameter greater than 0.15 m should ensure
wall eﬀects are negligible, Shah et al. (1982). The square cross-section provided
a ﬂat surface which reduced the distortion of photographs taken through the
perspex. Photographs of the bubble were taken at 400 fps using a Phantom
Miro eX-4 high speed camera (Vision Research, USA), obtained from the EP-
SRC Instrument Loan Pool. A Nikkon AF Zoom-Nikkor 24-85 mm f/2.8-4D IF
lens with a minimum focus distance of 0.21 m and a macro focal length range
between 35 − 85 mm was attached to the camera. Additional lighting for the
high speed photography was provided by two 650 W halogen lights.
The camera was positioned on a platform which was able to traverse along a
vertical track the height of the bubble column in order to photograph the bub-
ble at diﬀerent axial positions. The camera lift was positioned a distance of
0.3 m from the bubble column. The camera platform was connected to a vari-
able speed motor, which controlled the camera movement. Recorded images
from the camera were analysed with a computer in real time to track the bub-
ble position: depending on the relative position of the camera and bubble, the
velocity of the camera could be adjusted to follow the rise of the bubble. An
LV-MaxSonar sonar sensor (MaxBotix Inc., USA) was placed beneath the cam-
era platform, to detect the vertical position of the camera as it travelled up the
vertical track. The rise velocity of the bubble was measured with a combina-
tion of the sonar sensor and high speed imaging. Experiments were conducted
in untreated tap water from the mains supply in Southampton, UK. The tap
water was replenished daily allowed to reach ambient temperature (≈ 20oC)
and air was sparged through the water for 30 minutes before each set of ex-
periments to ensure the water was saturated with air. The pH and dissolved
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oxygen (DO) content of the water was measured periodically throughout the
experiments. The pH was measured using a Jenway 3010 meter (Bibby Scien-
tiﬁc Ltd, UK) and a combination glass electrode, calibrated in buﬀers at pH 7
and 9.2. The DO was measured using a YSI 5000 meter (YSI Inc., USA), the
probe zero measurement was checked with a sodium sulphite solution. During
experimental runs no signiﬁcant changes in DO or pH were observed. Saturation
concentrations of N2, O2 and CO2 from air were therefore assumed throughout
the experiments.
Experiments were conducted with bubbles produced from an oriﬁce of 1.0 mm
and 0.35 mm diameter. The CO2 (BOC, UK) was stored in a gas-impermeable
sampling bag and pumped into the column using a peristaltic pump (Watson
Marlow, UK). A bubble generation frequency of between 30 - 40 bubbles per
minute was used in these experiments.
Gas samples were collected at diﬀerent heights in the bubble column using an
inverted funnel connected to a tube and syringe for short-term storage of the
gas samples, as shown in ﬁgure 2. Several hundred bubbles were required for
each gas sample to be taken. Input and output gas samples were analysed using
a Varian Star 3400 CX gas chromatograph (GC), (Varian Ltd, Oxford, UK).
The GC was ﬁtted with a Hayesep C column with argon as the carrier gas at
a ﬂow of 50 ml min−1 and a thermal conductivity detector. A 2 mL sample
was injected into a gas sampling loop and the concentration was compared with
standard gas sample containing 100 % CO2 (BOC, UK) for calibration. The
GC measurements were averaged over ﬁve replicates.
2.2. Image Analysis
The images obtained from the high speed camera were analysed using tailored
MATLAB software with the Image Analysis Toolbox (Mathworks Inc., USA).
Figure 3 shows a ﬂow diagram of the image analysis procedure used in this work.
Firstly, the initial bubble pixel position was measured from the ﬁrst image of
the sequence. This was input into the code along with an upper and lower limit
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estimate of expected bubble sizes. A background image was then constructed
using a morphological dilation of the previous image in the video sequence.
This background image was subtracted from the bubble image to remove the
background detail. An iterative procedure was used to ﬁnd the threshold value
to convert the image from grayscale (with a pixel value between 0 - 255) to a
black and white image (with a pixel value of either 0 or 1). Once an initial
estimation of the black pixels which represent the bubble edge was made, an
iteration to obtain the threshold value was undertaken which maximised the
ratio between the number of black pixels in the area of the image where the
bubble position was estimated, and the number of pixels in the remainder of
the image. The detected bubble segments were then analysed based on their size
and position. If these corresponded with the deﬁned bubble size and position
the co-ordinates were saved as part of the bubble co-ordinates.
A correction was then applied to the bubble co-ordinates to account for diﬀer-
ences in refractive index of the water and perspex, as well as lens distortion
from the camera. Following this an algebraic ellipse ﬁtting routine, developed
by Gander et al. (1994), was applied to provide an estimate for the minor and
major bubble diameter. Figure 4a shows an example of a cropped grayscale
image; the black and white conversion with the background removed is shown
in ﬁgure 4b. The traced bubble segments and ﬁtted ellipse are shown in ﬁgure
4c and 4d, respectively.
A test of the image analysis procedure was conducted with a plastic bead of
5.0 mm diameter, which was recorded falling through the water. The average
measured bead diameter provided a slight underestimate to the actual diameter,
as shown in ﬁgure 5.
As observed in the work of Schulze and Schlu¨nder (1985a), Schulze and Schlu¨nder
(1985b) and Vasconcelos et al. (2002) mass transfer from the same gas bubble
into a liquid can occur at diﬀerent rates. These authors observed a sharp and
prominent transition point between diﬀerent mass transfer rates. As a result of
this, the change in bubble diameter can be approximated by two lines of best
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ﬁt. These were calculated using a minimisation of squares approach, which is
shown in Appendix A.
2.3. Mass Transfer Rate
The number of moles of gaseous CO2 in the bubble were calculated for each
image assuming the ideal gas law and taking into consideration the change in
gas pressure in the bubble at diﬀerent heights in the water column. This is shown
in equation 9 where yi is the mole fraction of the component i in the gas phase
at time j. The components considered in this work were CO2, and O2 and N2
from the air. Equation 9 gives the number of moles of component i at timestep
j as nij , where the atmospheric pressure is patm, the liquid density is ρL, the
gravitational constant is g, the bubble volume is vB , the ideal gas constant is R
and the temperature is T . This was combined with interpolated values from the
GC from gas samples collected at diﬀerent heights in the bubble column. The
mass transfer rate can then be calculated from the change in number of moles
for each component throughout the bubble rise.
ni,j =
yi,j (patm + ρLgzj) vB,j
RT
(9)
3. Results & Discussion
The eﬀect of the initial bubble diameter on the mass transfer rate for two CO2
bubbles can be seen in ﬁgure 6. The bubble with a larger initial diameter
(bubble ‘A’, d0 ≈ 2.9 mm) in ﬁgure 6a shows an approximately constant mass
transfer rate, as can be seen by the linear reduction in diameter over time and
from kL in ﬁgure 6e. The bubble diameter measurements from the high speed
camera images contain a signiﬁcant degree of noise, part of this is due to the
measurement accuracy and part is due to the three-dimensional movement of
the bubble as it rises up the column. This horizontal movement can be clearly
seen with bubble ‘A’ which exhibits an oscillation in the bubble diameter due
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to the helical rise path, this can occur with bubbles in the ellipsoidal regime.
The bubble with a smaller initial diameter (bubble ‘B’, d0 ≈ 2.3 mm) in ﬁgure
6b displays two distinct mass transfer rates, with a higher initial mass transfer
rate followed by a reduced value, this is shown by the reduction in the gradient
of the bubble diameter over time and from the reduction in kL in ﬁgure 6f. The
observation of two distinct mass transfer rates supports the ﬁndings of Schulze
and Schlu¨nder (1985a) and Vasconcelos et al. (2002) who found that the point at
which the transition between the larger and smaller mass transfer rates occurs
is dependent on the initial bubble diameter.
The bubble rise velocities and Re for bubble ‘A’ and ‘B’ are shown in ﬁgures
6c and 6d, respectively. The rise velocity of bubble ‘A’ shows a more gradual
increase than bubble ‘B’. Neither bubble ‘A’ nor bubble ‘B’ attain a rise velocity
over 0.3 m s−1, which suggests they maybe between the mobile and immobile
case. The mass transfer coeﬃcient of bubble ‘A’ and the initial mass transfer
coeﬃcient of bubble ‘B’ in ﬁgures 6e and 6f show kL ≈ 4.3− 4.6 × 10−4 m s−1
and can be approximated by Higbies theory. The mass transfer coeﬃcient of
bubble ‘B’ undergoes a distinct change, with the latter value of kL approximated
well by Fro¨ssling’s theory.
The eﬀects of the initial bubble rise velocity on the overall mass transfer rate
were compared by producing bubbles from 1.0 mm and 0.35 mm oriﬁces. These
bubbles were produced with the same gas ﬂow rate, thus the bubbles from the
0.35 mm oriﬁce had a higher gas velocity than those produced from the 1.0 mm
oriﬁce. Figures 7a and 7b compare sequential images at intervals of 0.025 s of
the initial rise of two CO2 bubbles with approximately the same initial bubble
diameter (d0 ≈ 2.7 − 2.8 mm). As can be seen by comparing the distances
travelled in ﬁgures 7a and 7b, after 0.35 s bubble ‘D’ (from the 0.35 mm oriﬁce)
has a higher initial velocity than bubble ‘C’ (from the 1.0 mm oriﬁce). The
two-dimensional oscillation of the bubble path for bubble ‘C’ and ‘D’ are shown
in ﬁgures 7c and 7d. The bubble rise path shows the oscillation of bubble
‘C’, which is a characteristic of the ellipsoidal bubble regime. The rise path of
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bubble ‘D’ shows an initial oscillation, however this changes to a recti-linear rise
path as a result of the transition from the ellipsoidal to the spherical bubble
regime.
The higher initial rise velocity of bubble ‘D’ is not sustained throughout the
bubble rise, as shown in ﬁgure 8c and 8d. Despite a lower initial velocity bubble
‘C’ eventually reaches a maximum rise velocity of ub ≈ 0.3 m s−1, larger than
bubble ‘D’, which reached a maximum rise velocity of ub ≈ 0.25 m s−1. The
lower initial rise velocity of bubble ‘C’ results in a lower initial mass transfer rate,
shown by the lower value of kL in ﬁgure 8e. This mass transfer rate increases
throughout the bubble rise. Conversely, the higher initial rise velocity of bubble
‘D’ results in a greater initial mass transfer rate, shown by the higher value of
kL in ﬁgure 8f, and thus a greater reduction in bubble volume. This reduction
in bubble size results in the earlier onset of the immobile bubble surface, which
is not seen for bubble ‘C’. This shows that as well as the initial bubble diameter,
as recognised by Schulze and Schlu¨nder (1985a) and Vasconcelos et al. (2002),
the initial rise velocity also plays a role in deﬁning the transition to the immobile
bubble surface.
Bubbles ‘A’ and ‘C’ from ﬁgures 6 and 8, respectively approach the transition
to the immobile bubble surface, with Re ≈ 400, at the top of the column.
The transition point between the mobile and immobile bubble surface is also
dependent on surfactant attachment to the bubble. Spherical and ellipsoidal
bubbles which are contaminated with surfactants are recognised to have an
immobile surface when Re ≈ 200, Clift, R., Grace, J.R., Weber (1978). Figure 9
shows the eﬀect of the initial bubble diameter and rise velocity on the transition
values of Re. Bubbles with an initial bubble diameter (d0 > 3.0 mm) showed a
higher initial rise velocity (u0 > 0.25 m s
−1) and the transition to the immobile
surface occurred with 400 < ReT < 600. Bubbles with a smaller initial diameter
(d0 ≈ 2.4 mm) and smaller rise velocity (u0 < 0.25 m s−1) showed a wider
range of Re for the transition to the immobile bubble surface, with 200 <
ReT < 600. Smaller bubbles with a lower rise velocity have been shown to
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be more susceptible to the eﬀects of surfactants. Work by Rosso et al. (2006)
conﬁrmed that a higher interfacial velocity reduced the eﬀect of surfactants.
The interfacial velocity is related to the bubble rise velocity, which is generally
higher for larger bubbles. Hence a larger bubble, with a greater velocity, would
inhibit the attachment of surfactants to a greater degree than a smaller bubble
with a lower rise velocity. This is a possible explanation for the lower values
of Reynolds numbers for the transition to an immobile surface for smaller and
slower bubbles.
4. Conclusion
Two distinct mass transfer rates were observed in CO2 bubbles rising in un-
treated tap water. These were successfully approximated by mass transfer re-
lations for mobile and immobile gas-liquid interfaces. In addition to the initial
bubble diameter, the initial rise velocity was shown to eﬀect the mass transfer
rate and the transition to the immobile bubble surface. The eﬀect of surfac-
tants appears to have a greater inﬂuence on smaller, slower rising bubbles, which
can reduce the value of the transition Re, resulting in an earlier onset of the
immobile bubble surface and reduced kL.
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Appendix A. Appendix A
Equations A.1 - A.3 represent the minimisation of squares to ﬁnd the two lines
of best ﬁt, while xsep in equation A.4 represents the x value at the intersection
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between the ﬁrst and second linear models.
y1 = α1x1 + β1 y2 = α2x2 + β2 (A.1)
α1 =
n1Σx1y1 − Σx1Σy1
n1Σx21 − (Σx1)2
α2 =
n2Σx2y2 − Σx2Σy2
n2Σx22 − (Σx2)2
(A.2)
β1 =
Σx21Σy1 − Σx1Σx1y1
n1Σx21 − (Σx1)2
β2 =
Σx22Σy2 − Σx2Σx2y2
n2Σx22 − (Σx2)2
(A.3)
xsep =
β2 − β1
α1 − α2 (A.4)
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(c) Rise velocity and Re of bubble ‘A’
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Figure 6: Comparison between the change in bubble diameter, rise velocity and Reynolds
number for two pure CO2 bubbles (bubble ‘A’ and bubble ‘B’) with diﬀerent initial bubble
diameters rising in tap water.
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(a) Visualisation of initial rise of bub-
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(b) Visualisation of initial rise of bub-
ble ‘D’. Images shown 0.025 s apart
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(c) 2D Bubble rise path of bubble ‘C’
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(d) 2D Bubble rise path of bubble ‘D’
Figure 7: Comparison of bubble rise path of bubble ‘C’, with u0 ≈ 0.2 m s−1, d0 ≈ 2.7 mm
and bubble ‘D’ with u0 ≈ 0.3 m s−1, d0 ≈ 2.8 mm
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(c) Rise velocity and Re of bubble ‘C’
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Figure 8: Comparison between the change in bubble diameter, rise velocity and Reynolds
number for two pure CO2 bubbles (bubble ‘C’ and bubble ‘D’) with diﬀerent initial bubble
rise velocities rising in tap water.
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Figure 9: Transition Reynolds number (Re) for bubbles produced from the 1.0 mm and
0.35 mm oriﬁce
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